Separation of cadmium from the lead-bismuth eutectic by high vacuum single stage distillation by Westerheide, Donald Eugene
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
1963
Separation of cadmium from the lead-bismuth
eutectic by high vacuum single stage distillation
Donald Eugene Westerheide
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Chemical Engineering Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Westerheide, Donald Eugene, "Separation of cadmium from the lead-bismuth eutectic by high vacuum single stage distillation "
(1963). Retrospective Theses and Dissertations. 2951.
https://lib.dr.iastate.edu/rtd/2951
SEPARATION OF CADMIUM FROM THE LEAD-BISMUTH EUTECTIC 
BY HIGH VACUUM SINGLE STAGE DISTILLATION 
A Dissertation Submitted to the 
Graduate Faculty in Partial Fulfillment of 
The Requirements for the Degree of 
DOCTOR OF PHILOSOPHY 
Major Subject: Chemical Engineering 
by 
Donald Eugene Westerheide 
Approved: 
In Charge of Major Work 
Head of Major Department 
Iowa State University 
Of Science and Technology 
Ames, Iowa 
1963 
Signature was redacted for privacy.
Signature was redacted for privacy.
Signature was redacted for privacy.
PLEASE NOTE: Figure pages are not original copy. 
Some pages tend to "curl". Filmed in 
the best possible way. 
UNIVERSITY MICROFILMS, INC. 
ii 
TABLE OF CONTENTS 
Page 
SUMMARY iv 
INTRODUCTION 1 
LITERATURE SURVEY 3 
PRELIMINARY CORROSION STUDY 23 
Equipment and Procedure 23 
Results and Conclusions 25 
APPARATUS 34 
Distillation Unit 34 
Forced Circulation Loop 40 
Liquid Metal System 46 
Vacuum System 47 
EXPERIMENTAL PROCEDURE 49 
General Operation of the Forced Circulation Loop 49 
Operation of Distillation Unit 51 
Flow Rate Calibration 52 
THEORY 54 
RESULTS AND DISCUSSION 60 
Single Pass Runs 63 
Continuous Recirculatory Runs 74 
CONCLUSIONS 83 
RECOMMENDATIONS AND IDEAS 84 
NOMENCLATURE 86 
Subscripts 86 
BIBLIOGRAPHY 87 
ACKNOWLEDGEMENTS 95 
APPENDIX A 96 
Remarks 99 
iii 
Page 
APPENDIX B 100 
APPENDIX C 103 
Volumetric Determination of Cadmium in Cd-Pb-Bi 
Alloy 6-13% Cadmium (Pb-Bi-Cd) 103 
80-100% Cadmium (Pb-Bi-Cd) 103 
Polarographic Determination of Cadmium in 
Cd-Pb-Bi Alloy I - 12% Cadmium 104 
12 - 25% Cadmium 105 
APPENDIX D 106 
iv 
SUMMARY 
Cadmium was separated from liquid cadmium-lead-bismuth 
alloys by a continuous molecular distillation unit of unique 
design. The cadmium was distilled while the preheated liquid 
alloy flowed continuously down an inclined, baffled, distri­
bution plate. The cadmium was condensed on a sodium-potassium 
cooled condensing surface and was continuously removed. 
The operating characteristics of the distillation unit 
were investigated at various temperatures, flow rates and 
alloy compositions under both single pass and continuous re-
circulatory conditions. The alloy was recirculated by means 
of a forced circulation loop employing a diaphragm pump. 
Experimental data were compared with theoretical data 
calculated from a mathematical analysis of the distillation 
unit. Distillation rates from 0.19 to 5.9 kilograms per hour 
were obtained. Efficiencies ranged from 50 to 80 per cent of 
theoretical. 
A brief corrosion study was performed on a forced 
circulation loop similar to that used in the recirculatory 
distillation experiment. The resulting data agreed favorably 
with previously published data obtained from thermal convec­
tion loops. 
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INTRODUCTION 
High temperature processing methods using liquid metals 
have been gaining popularity over the past five to ten years. 
Investigation of liquid metal purification processes has been 
stimulated not only by the need for lower cost nuclear fuel 
processing but also by the need for large quantities of high 
purity metals. 
Large differences in the vapor pressure of metals make 
distillation one of the most promising methods for separating 
metals in their elemental state. Distillation could theoreti­
cally be carried out at any pressure? however, separation is 
more selective and the temperature required much lower if it 
is carried out at reduced pressure, that is in vacuo. This 
is due to the fact that in vacuum distillation the energy 
given the vapor molecules by the evaporating liquid is not 
dissipated by collisions with residual gas molecules. Also 
low residual gas pressures minimize the possibility of oxida­
tion that might otherwise occur due to the presence of air. 
Although these facts have been known for many years, 
vacuum distillation has not been regarded as a practical pro­
cess primarily due to the difficulty of maintaining a high 
vacuum. However, due to the recent rapid advances in vacuum 
technology, the separation of liquid metals by vacuum distil­
lation is now feasible on an industrial scale. The commercial 
separation of zinc from lead by vacuum distillation is a good 
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example (21,22) . 
In vacuum distillation the function of the vacuum above 
the distilling surface is to remove residual molecules so 
that the chance of an evaporating molecule being deflected 
back into the melt is reduced. If the residual gas pressure 
is reduced to the point that an evaporating molecule has a 
high probability of reaching the condenser surface without 
collision with a foreign molecule, then the process is termed 
"molecular distillation". This does not imply that the dis­
tance between evaporating and condensing surfaces be the mean 
free path of the molecules involved at the pressures used. 
It does imply, however, that the condenser surface be located 
so that the evaporating molecule can reach it without col­
liding with other surfaces. 
Although molecular distillation is commercially used for 
purification of various organic products on a continuous 
basis, to this author's knowledge, there has been no data re­
ported, nor experiment designed, to determine the feasibility 
of a continuous molecular distillation process for the 
separation of liquid metals. 
The purpose of this investigation was the design of a 
device for the continuous separation of liquid metals by 
molecular distillation and the determination of the variables 
involved. 
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LITERATURE SURVEY 
Vacuum distillation has been used extensively in the 
separation of organics, and to a lesser extent, in metallur­
gical applications. Because of the great amount of litera­
ture that has been published in the field pertaining to or­
ganics, this literature survey will be restricted largely to 
the field of metal distillation and will include articles 
concerned with the separation as well as with the purifica­
tion of metals. Furthermore, the publications reviewed will 
be arranged in the order of their occurrence in literature, 
that is chronologically. 
An equation which appears in most literature dealing 
with vacuum or molecular distillation of materials was de­
rived by Langmuir (57) in his paper on the determination of 
the vapor pressure of metallic tungsten in 1913. The equa­
tion which he developed from the kinetic theory of gases en­
ables one to calculate the rate of evaporation from a knowl­
edge of the vapor pressure. In 1916 he followed his original 
work with a paper on the evaporation, condensation and reflec­
tion of molecules and the mechanism of absorption (56). It 
is the latter paper to which most authors refer in writing 
the equation which he developed in 1913. The equation which 
Langmuir derived is 
m = (1-r) V M p gm/sec-cm2 (1) 
2irRT 
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where M is the molecular weight of the vapor, R is the gas 
constant, and r is the coefficient of reflection of the vapor 
molecules which strike the surface of the material evaporating. 
Langmuir states in his earlier paper (1913) that "there are 
good reasons for believing that the reflection of vapor mole­
cules from the surface takes place to a negligible degree 
only". Therefore, in his earlier paper he took r to equal 0. 
This assumption has subsequently been employed by the majority 
of authors using this equation to predict evaporation or 
distillation rates during molecular distillation. 
The earliest article on what may be termed a vacuum 
distillation of a metal was presented before the Institute of 
Metals in 1912 by Turner (83). This paper was concerned with 
behavior of certain alloys when heated in vacuo. In this 
paper are described experiments on brass, as well as the re­
fining of hard zinc. It includes not only the analysis of 
the melt used, but also a quite complete description of the 
experimental procedure. This paper is also quite interesting 
from the standpoint of the numerous discussions by noted 
people in the field concerning the applicability of vacuum 
distillation to the refining of metals. 
The next paper to appear in the field of vacuum distil­
lation was that of Bronsted and Hevesy (6) in 1922. Their 
paper was on the separation of isotopes of mercury and is im­
portant from the point of view that they were the first to 
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apply the principle that for a molecular distillation the rela­
tive volatility a, when it is a measure of the degree of sepa­
ration of two components based on Raoult's Law, is equal to 
(P1/P2) ( Vh2/Mi) , compared with P^/Pg for ordinary distilla­
tion under equilibrium conditions. This paper describes both 
the experimental apparatus and justification of the data ob­
tained on theoretical grounds. 
Pierce and Waring (70) presented in 1936 a paper de­
scribing a process for the refining of zinc by re-distilla­
tion. This process employed fractional distillation for the 
separation of lead and cadmium from zinc. The paper gives a 
fairly detailed account of the process and contains a flow­
sheet of the zinc distillation, as well as a schematic flow­
sheet in which the actual distillation columns and con­
densers are shown. Although the process did not involve the 
use of vacuum, it is included here because it represents one 
of the first industrial applications of metal distillation. 
In 1939 Fawcett (31) and Burrows (12) wrote survey 
articles on the general technique of molecular distillation. 
Fawcett discusses the affect of variables such as pressure, 
temperature and gap between the evaporating and condensing 
surfaces on the performance of molecular stills. He also 
lists what he considers the disadvantages and advantages of 
the process. Burrows in his paper reviews the general de­
sign of both continuous and non-continuous molecular 
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distillation equipment. However, most of the equipment 
described is for the molecular distillation of organics rather 
than metals. 
Also in 1939, Burch and Van Dijck (9) presented a paper 
on the theory and development of high vacuum distillation. 
In this paper they present a short historical development of 
the method and outline the theoretical considerations govern­
ing the process as well as the factors limiting large scale 
application. These latter factors are more or less discussed 
and outlined rather than any particular conclusions being 
drawn. 
In 1944 Hickman (33) published a rather complete survey 
article entitled "High Vacuum Short Path Distillation". This 
article consists of two parts. The first part is largely an 
introduction to the field and a historical development con­
cerning the evolution and design of high vacuum surface 
stills. Film thickness, the nature of the distilland layer, 
partial condensation, vacuum pumps, pressure measuring de­
vices and relative still performance, as broken down into its 
various categories, are also discussed. Part two concerns 
itself primarily with the application of molecular distilla­
tion to organic systems, the application of the elimination 
curve technique, qualitative laboratory distillations and a 
small section on the future and scope of molecular distilla­
tion. 
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In 1945 two papers appeared. One by Kroll (52) entitled 
"Melting and Evaporating Metals in a Vacuum", and another by 
Price (71) entitled "Some Applications of Vacuum Techniques 
and the Analysis of Alloys". In the latter paper Price 
describes the determination of alloy constituents by loss of 
weight as applied to zinc in tin-zinc alloys, lead in tin-
lead solders, phosphorus in phosphorus-tin, zinc in brass and 
gun-metals, lead in copper-lead and gun-metals, and cadmium in 
cadmium-copper. Kroll's paper is a survey of the factors in­
volved in the melting and evaporation of metals at reduced 
pressure. The effects of the hydrostatic pressure of the 
molten metal, of metal-vapor pressure, and of residual-gas 
pressure on the actual pressure and temperature at the point 
of evaporation are shown to be very important. He also dis­
cusses the effect of surface films on evaporation and con­
cludes that they are also controlling factors. Data on the 
evaporation and sublimation temperatures at various condi­
tions in vacuum are tabulated. It should be stated at this 
point that Kroll also published a paper previous to this in 
1935 but unfortunately this paper was not available for review. 
Erway and Simpson (30) in 1946 described the fractiona­
tion of fission products and heavy elements by volatilization 
methods. The paper describes a laboratory apparatus consist­
ing of a small column with plates upon which the components 
could condense. This was one of the first applications of 
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distillation to the separation of fission products. 
In 1947 Isbell (45) presented a paper concerned with a 
commercial process for the vacuum dezincing of lead. The de-
zincing device as well as some of the operating procedures 
and conditions are described. Dezincing is carried out 
batch-wise over a 5 hour period at approximately 1000°F and 
at a pressure below 0.5 mm Hg. 
Carman (15) published a paper in 1948 dealing primarily 
with the theory involved in the process of molecular distil­
lation and separation. He concludes from his theoretical 
presentation that molecular distillation is not necessarily 
limited to liquids of extremely low volatility and that for 
substances with vapor pressures over 10mm, it offers ex­
tremely low pressures and furthermore is more or less inde­
pendent of the space between evaporating and condensing sur­
faces. Davey (22) criticized various aspects of this paper. 
Kroll et al. (54) also published an article in 1948 con­
cerning a large-scale laboratory process for the production 
of ductile zirconium. The excess magnesium and magnesium 
chloride are removed by a combination melting and vacuum dis­
tillation method. The zirconium chloride was vacuum dis­
tilled at a pressure of 2.5 x 10-2 ntm Hg, while a pressure of 
approximately 10mm Hg was used to distill the magnesium 
and magnesium chloride. A detailed description of the equip­
ment used is also presented. 
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Spendlove and St. Clair (80), in their paper on low 
pressure distillation of zinc from Al-Zn alloy published in 
1949, describe their experimental work on vacuum distillation 
of zinc. Particular attention is given to the limit to which 
zinc could be reduced in the residual metal and data are pre­
sented on the rate of evaporation and heat balances for both 
distillation furnace and condenser. 
In 1950 Hudswell et al. (44) published a report on the 
separation of zirconium from hafnium. The separation was ac­
complished by the distillation of the addition compound formed 
by phosphorous oxy-chloride with hafnium and zirconium tetra­
chlorides. A description of the specially constructed ap­
paratus used is also presented. 
Two other papers also appeared in 1950 concerning vacuum 
refining of metals. One by Kaufmann et al. (48) and another 
by Rogers and Viens (73). The latter paper was concerned 
with the refining of magnesium by vaporization at pressures 
of less than 10~5 mm Hg. It was found that the refined metal 
contained no manganese and only traces of aluminium and sili­
con. The experimental apparatus is described and rate and 
temperature data are also given. Kaufmann was concerned with 
purifying beryllium and carried out the distillation at a 
pressure of 10~4 mm of Hg and distilled from a 6" crucible. 
In 1951 five articles appeared. Four of which were pri­
marily experimental and one of which was a survey article. 
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The survey article by Kroll presents much of the same data 
and material from his previous publications. The actual and 
potential uses of vacuum methods in metallurgy are discussed. 
He surveys existing furnace designs, their performance and 
limitations, and describes a large variety of metallurgy pro­
cedures where the application of vacuum would appear to offer 
advantages. 
Rogers and Vines (72) published a paper on refining 
lithium by vaporization at approximately 10mm Hg. Con­
siderable operating data and a detailed description of the 
experimental equipment are included. 
Schlechten and Doelling (77) describe a vacuum treatment 
of Parkes1 process crusts on a pilot plant scale. The crusts 
were vacuum distilled at approximately 800°C and a pressure 
of 40 microns. Lead was also distilled at about 950°C and at 
a pressure of approximately 10~2 mm Hg. Operating data are 
given although these are not compared to any theory. 
Betcherman and Pidgeon (4) investigated the distillation 
of calcium and magnesium. They give a short historical re­
view with respect to vacuum distillation and the separation of 
metals as well as a short review of theory which is very 
limited in scope. A tabulation of vapor pressures of the 
more common metals and the free energy of formation of their 
oxides along with the latent heat of vaporization and boiling 
point are also presented. This paper is interesting in that 
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they distilled both from the molten or liquid state and from 
the solid state (i.e., sublimation). Data are tabulated for 
the rate of sublimation of magnesium and calcium heated to 
various temperatures. The effect of compounds formed both 
with respect to distillation and sublimation is also dis­
cussed. The third part of their experimental work consisted 
of a combination of distillation and sublimation. Pictures 
of the residue and experimental equipment are also given. 
The fifth publication was concerned with polonium dis­
tillation and was prepared by Endebrock (28) . Although the 
work was done in 1951, it was of a classified nature and was 
not de-classified until 1957. This report deals primarily 
with the materials aspect and contains no experimental data 
nor a theoretical presentation with respect to vacuum dis­
tillation. It does however contain interesting references 
and information on corrosion of steels by bismuth. 
Leuze (58) in 1952 published a paper concerned with the 
application of volatility processes to uranium recovery. In 
this report he discusses the possibility of processing reac­
tor fuel by the formation of volatile uranium compounds and 
subsequent distillation. He also suggests the possible use 
of volatile compounds of uranium as a means of recovering the 
metal from certain types of ores. 
In 1952 another survey paper appeared written by Miller 
(67). It concerned the production of magnesium, calcium, 
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tantalum, and zirconium by vacuum techniques. Miller de­
scribes the production of these metals on an industrial scale 
and gives the details of the processes involved. 
In 1953 four papers concerning vacuum distillation of 
metals were published. Kotov (51) published a paper in which 
he introduces the theory of distillation of metals from a 
thermodynamic point of view and presents a comparison of 
calculated and experimentally determined values for the zinc-
cadmium system. 
Vivian (85) published a paper in which he compares the 
relative rate of evaporation from the liquid metal surface 
and the diffusion to the surface in the liquid and calculates 
the effect of each on the separation of metal mixtures by 
vacuum distillation. His theoretical considerations lead him 
to conclude that under some conditions liquid phase diffusion 
may be significant, and that the relative rate will vary with 
temperature. 
Cubicciotti (20) was concerned with an experiment in the 
volatilization of tracer plutonium from molten uranium metal. 
He describes the experimental apparatus and gives the opera­
ting conditions of his experiment. He observes that at higher 
temperatures (168®C) the fraction evaporated as a function of 
time agreed with calculated values based on Raoult's Law 
while at the lowest temperature (1,495°C), the fraction eva­
porated was about one-third of that expected from Raoult's 
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Law. 
Probably the most important paper to appear was that of 
Davey's (22). Although Davey describes a continuous pilot 
plant process for the vacuum dezincing of desilverized lead 
bullion, the paper deals only with the theoretical aspects. 
The method of mathematical analysis is of general interest as 
it can be applied to other metallurgical separations. In his 
theory he allows for the diffusion of the vapor from the 
evaporating surface to the condenser, which is necessary if 
one operates above the molecular distillation range, but be­
low atmospheric pressure. He compares his theoretical equa­
tions with other theoretical work and with the experimental 
data obtained by the Broken Hill Associated Smelters at Port 
Pirie, Australia. This paper is very complete in all respects 
and is one of the very few written, describing a continuous, 
high vacuum process for the separation of metals. 
Endebrock and Engle (29) reviewed the experimental work 
done at Mounds Laboratory on the separation of polonium from 
bismuth by distillation during the period from 1949 to 1953. 
Data are presented showing operation of simple batch stills 
and of fractionating stills with and without helium sparging. 
Distillation rates and concentration factors are also given. 
In 1954 five papers were written concerning separation 
and purification of metals under vacuum. Two of these papers 
were theoretical and the remainder described laboratory 
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experiments. Cubicciotti (19) followed his publication of 
1953 with another paper on the evaporation of plutonium from 
small pieces of uranium reactor fuel. He states that the ex­
perimentally measured values are in close agreement with 
those calculated by the method of Rosser (74) assuming 
Raoult's Law. He further states that his experiments show 
that the calculated equation is applicable to the disilla-
tion for as much as 99% plutonium removed. Additional work 
on the high temperature decontamination processes for ir­
radiated uranium fuel by vacuum distillation can be found in 
a quarterly progress report of the Atomic Energy Research 
Department of North American Aviation Incorporated edited by 
Motta et al. (69). 
Spedding and Daane (78) describe a laboratory distilla­
tion column used to separate the rare earths. The experi­
mental apparatus is described and results of the distillation 
presented. They conclude that from the position and amount 
of the deposits on the plate in the column that fractional 
condensation of rare earth metal vapors may be the basis of a 
feasible separation process for these elements. 
Vivian (86) in his publication on principles of vacuum 
distillation of metal mixtures critically reviews the princi­
ples of vacuum distillation as applied to the separation of 
mixtures of metal. He derives relations for general applica­
tions and discusses limitations of the usual simplified 
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equilibrium and rate relations for batch processes. He uses 
the concept of relative volatility to express vapor-liquid 
equilibrium relationships and the average distillation rate 
is expressed in terms of a rate constant derived from kinetic 
theory. 
Burrows (14) in his paper describing some aspects of 
molecular distillation discusses the influence of the mean 
free path on the molecular distillation process, and develops 
a theory which attempts to explain the molecular distillation 
process. He applies the theory to data already published as 
well as to some recent experimental work and states that the 
experimental values are in fair agreement with his theory. 
He also develops equations which express the degree of separa­
tion obtainable in a two-component system and compares these 
with those derived from theory. Various other applications 
of molecular distillation are mentioned and some typical ex­
amples of batch and continuous molecular stills are described. 
Spendlove (79) in 1955 published a paper covering the 
work done by the Bureau of Mines in vacuum distillation of 
metals. He briefly reviews the theory of the mechanism of 
evaporation and calculates all theoretical evaporation rates 
assuming Raoult's Law. Data on the vapor pressure of various 
metals, their experimentally observed rates of distillation 
and the effects of pressure on the distillation rate are also 
given. Although the theory section and background material 
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is brief, the experimental sections are very complete. 
Two other 1955 publications of interest are those of 
A. J. Martin (63) and Keys et al. (50). The latter paper was 
one of a series of reports on the development of a molecular 
distillation pilot plant for lithium isotope separation and 
represents one of the few papers in this review dealing with 
true molecular distillation. Keys states that the performance 
of the unit was generally satisfactory with separation ef­
ficiencies at total reflux ranging from 47% to 58%. Stage 
separation factors varied from 1.052 to 1.064 in the tempera­
ture range 627° to 535°C. Distillation rates ranging from 
0.69 to 0.17 gm/cm2-hr were measured. 
A. J. Martin (63) describes both the theoretical and 
practical considerations of the purification of beryllium by 
high vacuum distillation. He makes a quantative evaluation 
on the basis of the relative vapor pressures of the major im­
purities present, and also discusses the practical factors 
governing fractional distillation on a laboratory scale. He 
assumes Raoult's Law and uses Langmuir's equation to predict 
the theoretical rate of evaporation. 
In 1957 two theoretical and three applied papers were 
published. Rukenshtein (75) published a rather complete paper 
on theory of continuous molecular distillation in which he 
assumes a multicomponent liquid flowing in a thin film along 
a heated surface. He also assumes the steady state case and 
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laminar flow. 
A. J. Martin (64), in his theoretical discussion of the 
vacuum distillation of metals, assumes Raoult's Law and uses 
Langmuir's rate equation. He does, however, include the ef­
fect of the diffusion of the molecules from the evaporating 
surface to the condenser which is necessary in treating a 
non-molecular distillation. He also states that in practice, 
conditions in molecular transfer appear to apply even with an 
inert gas pressure in excess of the normal limit for molecular 
distillation since the vapors from the liquid surface create 
a "draught" which effectively sweeps the non condensable 
molecules away from the inner space. This has been observed 
experimentally by Hickman (33) . In the second part of this 
paper he reviews various processes and equipment used in the 
vacuum distillation of metals (65). 
Also appearing in 1956 were papers by Milne and Young 
(68) and Bagnall and Robertson (2). The latter was a very 
short survey article concerning the evaporation of plutonium 
from a bismuth melt. Langmuir's equation is used to predict 
distillation rates. Milne and Young in their paper describe 
the volatilization of fission products from molten and solid 
irradiated thorium-uranium. The effect of temperature, time 
and area-to-rate ratio were studied. It is stated that 95% 
or more of the cesium, strontium, and tellurium is volatilized 
from solid or liquid thorium with ease. Cerium and other 
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rare earths were more difficult to remove. Although Rosser1 s 
(74) ideal solution equations were applied to their experi­
mental data, they state that in their experiment the rate of 
escape of material from the crucible was approximately one-
half the rate of vaporization from the metal surface and this 
correction was applied to all their calculations. 
In 1957 Burrows (10) published two excellent papers. In 
the paper entitled The Behavior of Mobile Molecules the ef­
fects of attractions and repulsions between molecules are dis­
cussed in an elementary way, with particular emphasis on eva­
poration, solution, diffusion, and absorption. Practical ex­
amples are considered and some equations are given in forms 
that are suitable for direct substitution of commonly known 
values. In a later paper entitled Evaporation at Low Pres­
sures he examines in detail the well known equations based on 
simple kinetic theory that represent evaporation at low pres­
sures and concludes that they apply only in certain limitating 
circumstances. He discusses the process of evaporation at low 
pressures and develops some semi-empirical equations based on 
the probability of molecular collisions. He also suggests 
that disregarding the effect of molecular collisions may fre­
quently be the cause of failure to reconcile theory with the 
experimental results of evaporation at low pressure. 
F. S. Martin and R. E. Brown (66) also published a paper 
in 1957 dealing with their experimental work on the distilla-
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tion of liquid metal (bismuth) reactor fuel. The distilla­
t i o n s  w e r e  c a r r i e d  o u t  a t  9 0 0 ° C  a n d  a t  a  p r e s s u r e  o f  1 0 m m  
Hg. They show that cesium and magnesium may be extensively 
removed with the bismuth. It is suggested that distillation 
of the bismuth would provide a useful head-on treatment be­
fore complete conversion of the uranium for the removal of 
noble fission products. 
In 1958 Horsley (43) and St. Clair (82) published survey 
articles. Horsley describes a vacuum distillation unit for 
the purification of alkali metals. He presents distillation 
data for lithium, sodium and potassium. He states that as 
the theoretical rate of distillation can only be achieved 
when there is no possibility of either molecules of vapor or 
condensate returning to the distilland, it was inevitable 
that the observed rates were less than the theoretical value. 
St. Clair (82) presents a rather complete review of dis­
tillation of metals under reduced pressure. He presents a 
brief history as well as an individual section on the vapor 
pressure, partial pressure, rate of evaporation, and selec­
tive distillation of metals. He also states that the still 
itself acts as a diffusion pump, removing permanent gas from 
the region above the evaporating surface and therefore the 
effective gas pressure in the system is always considerably 
less than that shown by the gauge. 
In 1959 DeVoe (23) published a paper dealing with the 
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radiochemical separation of cadmium and the application of 
vacuum distillation of metals to radiochemical separation. 
The actual vacuum distillation of metals was one section of a 
radiochemical separations project. This work was followed by 
a later paper (24) in which vacuum distillation of mercury, 
indium, and cadmium are described. 
In 1960 Hooper and Keen (42) investigated a process for 
the purification of beryllium metal by distillation. They 
were concerned with volatizing impurities from beryllium. 
They state that the observed rates were always less than the 
theoretical rate deduced from the Knudsen Effusion Theory by 
a factor varying from 1/20 to 1/30. The pressure used during 
distillation was 10"5 to 10 mm Hg. 
Ehn and Woelk (26) published a paper on the construction 
and operation of an apparatus for distilling the feed-solu-
tion of the BER (Berlin Experimental Reactor). Rate data are 
given as well as the apparatus used in the distillation experi­
ments . 
Burrows (13) whose papers were cited earlier in this re­
view published a book on molecular distillation in 1960. 
This book is an excellent summary of some of the more impor­
tant principles of vacuum distillation. The theoretical sec­
tions, however, are not as rigorous as some of his earlier 
papers (10,11,14). This book also contains pertinent informa­
tion and references concerning all aspects of the field. 
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In 1962 a mathematical treatment of vacuum distillation 
was published by Davey (21). In this paper he presents a 
mathematical treatment of distillation in a pressure region 
above that at which "molecular distillation" can occur. The 
treatment is related to the vacuum separation of zinc from 
lead, which is established as a lead refining process, and 
which will shortly be used for producing zinc. He states 
that (1) in practical applications the velocity of zinc vapor 
distilling is a sizeable fraction of the projected mean free 
velocity and (2) uader these conditions the normal concept of 
pressure must be abandoned and corrections applied to pres­
sure terms. The corrected distillation rate cannot be deter­
mined analytically by this method, but can be obtained by 
successive approximation. A comparison of theoretical and 
practical distillation rates is also given. 
Argonne National Laboratory (1,84) has recently built a 
pilot plant scale liquid metal distillation unit for the dis­
tillation of cadmium. It is stated that this unit will pro­
vide experience and design information pertinent to fuel re­
processing with liquid metals. 
Stachura's (81), Kappraff's (47), Kenefick's (49) and 
Buchanan's (7) theses represent some of the recent experi­
mental work done at this laboratory in the fields of liquid 
metal distillation and vaporization. 
Dushman (25) and Bockris et al. (5) have published books 
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on high vacuum and high temperature techniques. The metal­
lurgy of cadmium has been studied by Barlow (3), Budgen (8), 
and Hofman (41). Kubaschewski and Catterall (55) and Lumsden 
(59) have written books covering the thermodynamics of alloy 
systems. The best available reference containing the physi­
cal properties of liquid metals is the Liquid Metals Handbook 
(60) . 
To obtain a clearer understanding of the nature of high 
vacuum distillation, numerous articles on the vacuum distil­
lation of organics were also reviewed. The many aspects of 
this field have been investigated by Hickman (32,33,34,35), 
Hickman and Trevoy (36,37,38,39), Jewell et al. (46), 
Malyusov et al. (61), Zhavoronkov et al. (89), Embree (27), 
and Watt (87) . 
In conclusion, it is the author's opinion that the best 
work in the field of high vacuum distillation has been per­
formed by Kroll, Davey, Spendlove, Burrows, and Hickman. 
Kroll, Davey, and Spendlove have worked primarily in the 
field of vacuum metallurgy, Hickman in the organics field, 
and Burrows in both areas. 
All articles mentioned in this literature survey are pre­
sented in tabular form in Appendix A. 
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PRELIMINARY CORROSION STUDY 
Equipment and Procedure 
This study was the result of a 5,376 hr test of the 
forced convection liquid metal loop designed by Clifford (16). 
Since a loop of similar design was to be used to transport 
the liquid metal to, and away from the distillation unit, it 
was necessary to obtain both operating and corrosion data on 
this system. 
The loop, in which the corrosion study was carried out, 
is shown schematically in Figure 1. It was constructed en­
tirely from type 446 stainless steel, and employs 3/4-inch 
nominal, schedule 40 piping. The overall height of the unit 
was 79 inches, and the length, excluding the pump, was 70 
inches. The components of the loop included a diaphragm pump 
and its check valve assembly, a cold trap, charge and ex­
pansion tanks, three tubular resistance heaters, a vacuum-
inert gas system, and preheat coils. The tanks, cold trap, 
and check valves were connected to the piping with flanges of 
a special raised face design. As papers describing the 
flanges and the diaphragm pump have been published (18,88), 
they will not be described here. 
The loop operated continuously and without failure for 
the entire period of the test. On two occasions during opera­
tion the cooling water supply was interrupted for several 
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hours which necessitated a temporary reduction in the loop 
temperatures. Except for these cases, the operating condi­
tions were not changed during the run. The expansion tank 
temperature was held at 575°C and the cold trap at a tempera­
ture of 370°C. The flowrate was held at 0.6 gpm throughout 
the test. 
After the termination of the test, the loop was drained 
and dismantled. Samples of the lead-bismuth were taken for 
spectrographic analysis and sections of pipe were cut for 
metallographic examination. The cold trap was also sec­
tioned and samples of the deposits removed for spectro­
graphic analysis. 
Results and Conclusions 
The results of the spectrographic analysis of the lead-
bismuth (Pb-Bi) eutectic circulated in the loop indicated a 
very high nickel and iron content. Chromium was also present 
but to a lesser degree. The presence of nickel in such large 
quantities (37-45 ppm) was not expected as the type 446 steel 
pipe used contained only 0.21 per cent nickel. Thus, the 
Pb-Bi eutectic acts as a very strong extractant as far as 
nickel is concerned. This conclusion is strengthened by the 
results of the samples from the remote head bath which showed 
very little chromium but high nickel and iron content. This 
was as expected since the material used to contain the remote 
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head bath was not a high chromium steel. 
Figure 2 is a photograph of the sectioned cold trap. 
The material (metal) deposited on the wire mesh packing in 
the riser tube and in the lower portion of the cold trap con­
tained appreciable amounts of iron, nickel, and chromium. 
From these results it was apparent that the cold trap was 
functioning satisfactorily with the iron, nickel and 
chromium being removed by precipitation and held in the 
coldest section. 
A rust colored deposit was removed from the upper sur­
face of the remote head constant temperature bath and was 
found to contain iron in extensive amounts. Since the Pb-Bi 
eutectic constant temperature bath was open to the atmosphere, 
the iron extracted from the wall of the container by the 
Pb-Bi eutectic was oxidized and deposited as a slag layer on 
the top of the Pb-Bi eutectic. Once this layer was complete 
it essentially covered the bath. Another slag layer was 
formed on the top of the Pb-Bi eutectic and below the first 
layer. This slag layer was free of chromium, contained 
little iron, and moderate amounts of nickel. The eutectic 
itself contained no chromium and fairly equal but moderate 
amounts of nickel and iron. It appears that the iron re­
moved by the liquid Pb-Bi eutectic from the constant tempera­
ture bath container material diffused to the top of the 
eutectic where it was oxidized by the air forming a more or 
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Figure 2. Cold trap section 
;#### 
Figure 3. Pipe sections 
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less solid slag layer of varying depth (1/4 to 1/2 inch). 
An idea of the extent to which the various sections of 
the loop were attacked can be seen in the Figures 4 and 5. 
These are microphotographs of pipe sections taken from dif­
ferent parts of the loop. The section of the loop which the 
microphotograph represents can be found by comparing the 
small letter under it to the corresponding letter on the 
schematic drawing of the loop (Figure 1). 
From the microphotographs it is evident that the attack 
was not uniform throughout the loop. In general it was more 
severe at higher temperatures, and proceeded by the selective 
removal of chromium and nickel from the steel. The depletion 
of chromium from the ferritic structure at the surface re­
sulted in some grain growth. 
It is interesting to note the varying degrees of attack 
throughout the loop. This is dramatically illustrated when 
Figures 4b and 5f are compared. The removal of chromium at 
the surface is probably due to the large chromium concentra­
tion gradient in the loop. As the liquid metal flows around 
the loop it becomes richer and richer in chromium content. 
When it passes through the cold trap a large amount of the 
chromium is precipitated. The Pb-Bi eutectic which emerges 
from the cold trap is low in chromium content and thus, the 
concentration driving force between the pipe wall and the 
Pb-Bi eutectic is fairly large. As the liquid metal proceeds 
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through the loop its chromium concentration rises and the 
gradient between the liquid metal and the pipe wall decreases. 
Thus, the chromium removal is greatest just after the cold 
trap. 
The reasons for the large chromium carbide particles 
just below the surface grains and the large grain structure 
shown in Figure 4b are not known. At the recorded operating 
temperature of the section from which this specimen was re­
moved, the degree of grain growth observed would not be ex­
pected. Other specimens which operated at approximately the 
same temperature did not exhibit this surface structure. 
Clifford (16) observed large surface grains, but at much 
higher temperatures (800°C to 900°C). It is within the realm 
of possibility that the thermocouple recording the tempera­
ture of this section was not giving a correct reading. Thus 
the actual temperature could have been much higher than the 
560°C recorded. If this were the case, the grain structure 
observed here would be consistent with those observed by 
Clifford (16,17). 
The pipe wall thicknesses on all sections were measured 
and found to have been reduced 1 to 10 per cent from their 
original dimensions. 
Also of special interest were the fractures which occur­
red when the pipe sections were being cut. It was first 
thought that the fractures were of a type commonly referred 
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to as "brittle fracture." However, there is some evidence 
that not all the fractures were brittle, but may have been of 
the "stress-corrosion" type. 
Stress-corrosion cracking has been defined as the com­
plex interplay of tensile stress and corrosion which leads to 
cracking in the metal. In the absence of a corrosive environ­
ment, the metal exhibits normal load-carrying properties. 
The characteristic failure is a brittle type of fracture oc­
curring in the normally strong ductile metal. 
All "brittle fractures", regardless of their causes, 
have one characteristic in common—they exhibit bright sur­
faces with either transgranular or intergranular fracture 
paths. Brittle fractures are commonly caused by the stress-
concentration effect provided by notches. Stress-corrosion 
fractures, however, do not exhibit bright surfaces and are 
most commonly caused by the existence of continuous susceptible 
paths for selective corrosion. Figure 3 is a photograph 
showing two pipe sections in which fractures occurred. 
In view of the above facts it is felt that some of the 
fractures observed may have been of the "stress-corrosion" 
type and not the more common "brittle" type. 
The removal of as many mechanical stresses as possible, 
by careful alignment of the various sections of the loop and 
adequate allowance for expansion at higher temperatures, 
would help prevent stress-corrosion cracking. 
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In conclusion it can be stated that the behavior illus­
trated here using a forced convection loop is in agreement 
with earlier work done with thermal convection loops (16,17). 
Therefore, data acquired using the latter type loops may be 
applied to forced convection loops provided the linear flow-
rates and temperature ranges are similar. 
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APPARATUS 
Distillation Unit 
The design of a device for the continuous separation of 
liquid metals by molecular distillation is complicated by two 
major factors. These are: (1) the need for an unobstructed 
path between the evaporating surface and the condenser, and 
(2) the nature of the surface of the liquid metal. 
Figures 6 and 7 are sectioned and pictorial drawings of 
the distillation unit. It was constructed entirely of type 
430 stainless steel and consisted of a distillation chamber, 
a condenser and a heat exchanger. 
The distillation chamber was formed by a semi-circular 
section 3 in in radius welded to a flat liquid metal dis­
tribution plate. The distribution plate was tilted 1 in in 
60 in from the vertical plane and was 30 in in length. 
The condenser was integral with the distillation chamber. 
The unit was designed in this manner so that any vapor leaving 
the distribution plate would have an unobstructed path to the 
condenser surface. The outside wall was formed from another 
semi-circular sheet 4h in in radius. Thus the coolant was 
contained in the annulus between the two semi-circles. 
Sodium-potassium alloy of the eutectic composition (78 
per cent potassium by weight) was chosen as the fluid to be 
boiled in the condenser to remove the heat of condensation. 
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Figure 6. Sectioned drawing of the distillation unit 
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This material was chosen because its vapor pressure-tempera-
ture relationship would give the required temperature range 
of from 300° to 400°C with easily obtainable vacuums. 
As can be seen in Figure 6, the coolant section extended 
5 in above the distillation chamber. This section served as 
a heat exchanger. Although the heat given up by the conden­
sing sodium-potassium alloy was to have been removed by a 
non-coking heat transfer oil, this was eliminated and the 
heat removed by water-cooled coils instead. 
Others working in the field of molecular distillation 
(29,35,37,40,85) have stated that the distillation rate is 
controlled by the rate of diffusion of the volatile component 
from the body of the melt to the surface (i.e., surface de­
pletion of the volatile component) . With this in mind the 
distribution plate was designed to give a maximum amount of 
agitation to the liquid metal flowing down it. The agitation 
was obtained by changing the direction of the liquid metal 
stream as it flowed down the distillation plate. This change 
in direction was accomplished by a series of liquid metal flow 
guides as shown in Figure 8. These flow guides extended the 
liquid metal path to approximately 14 feet. The liquid metal 
flow was Verified using a plastic scale model of the distri­
bution plate. Three electrical resistance heaters were in­
stalled on the back of the distribution plate so that the 
plate could be maintained at any desired temperature. Figure 
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9 shows the location of these heaters as well as the location 
by number of the thermocouples on the distillation unit. 
The distillate was withdrawn from the distillation cham­
ber by means of a special ball valve sampling device. The 
valve is shown in Figure 10. 
Forced Circulation Loop 
A forced circulation loop was designed and built to sup­
ply the liquid metal to the distillation unit. The loop con­
sisted of a modified Pulsafeeder pump, a check valve system, 
a cold trap, an expansion tank, a charge tank, several elec­
trical resistance furnaces and associated piping. The over­
all height of the unit was 90 in and the length, excluding 
the pump, was 109 in. Figures 11, 12, and 13 are photographs 
of the loop, remote Pulsafeeder pump, and check valve as­
sembly respectively. The lower ball and valve assembly is 
shown in Figure 14. Figure 15 is a schematic drawing of the 
loop. 
The entire loop was constructed of type 430 stainless 
steel, and employed 3/4 in nominal, schedule 40 piping. This 
type of steel was selected on the basis of the corrosion data 
obtained in the preliminary corrosion study and corrosion 
data since published by Clifford and Burnet (17) . 
The loop was designed so that it could be operated both 
with the distillation chamber in, and removed from the loop. 
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Figure 12. Modified pulsafeeder pump, remote head inside 
firebrick insulation 
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Figure 13. Check valve assembly in forced circulation loop 
Figure 14. Lower support and ball in check valve assembly 
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All sections were flanged and thus could easily be replaced 
or removed for modification. The top of the expansion tank 
contained vacuum-argon connections, a liquid level probe, and 
a sampling device. 
The cold trap consisted of a type 430 stainless steel 
shell and riser tube. The shell and tube were filled with 
type 430 turnings. The trap was air cooled and the point of 
lowest temperature in the loop. The purpose of the cold trap 
was to remove the corrosion products from the liquid metal by 
precipitation. Any precipitated corrosion products which 
passed through the body.of the trap were eliminated in the 
packed riser tube. 
The bulk tank was used for storing liquid metal for flow 
rate tests and consisted of a 6 in diameter container approxi 
mately 8 in in height. It was fitted with a thermocouple 
which also acted as a liquid level probe. 
The loop was wound with approximately 20 preheat coils. 
These coils were constructed by first wrapping the bare pipe 
with sheet mica. Nichrome resistance wire was then wound 
over the mica until the desired coil resistance was obtained. 
Sauereisen cement was used to electrically insulate the bare 
wires. The location and resistance of these preheat coils 
are shown in Figure 15. 
The flow of liquid metal in a pipe can be blocked by 
freeze plugs which are formed by the use of water cooling 
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coils wrapped around the pipe. Each cooling coil is wrapped 
with a heating tape to facilitate the melting of the freeze 
plugs. Freeze plugs could be formed at various positions in 
the loop. All the cooling coils, as well as heating tapes, 
had individual controls. 
The temperatures in the various parts of the loop were 
measured by means of chromel-alumel thermocouples. These 
temperatures were recorded continuously on two multipoint re­
corders. The desired temperature profile was maintained by 
varying the power level of the electrical resistance furnaces. 
The locations of the thermocouples are indicated by the cir­
cled numbers shown in Figure 15. 
As a paper describing the modified Pulsafeeder pump used 
to circulate the metal in the loop has been published (88), 
it will not be described here. 
Liquid Metal System 
In view of the extensive work done with the lead-bismuth 
eutectic alloy in Ames Laboratory (16,49) this alloy was 
chosen for the basic metal carrier. The eutectic has a low 
melting point (125°C) and hence is ideal from this standpoint. 
After considering many different metals for the volatile 
component, cadmium was selected. This metal was chosen be­
cause of its high vapor pressure relative to lead and bismuth, 
low melting point, small latent heat of vaporization, and well 
47 
known physical and chemical properties. The composition of 
the ternary eutectic as reported by Budgen (8) is 40.2 per 
cent lead, 51.65 per cent bismuth, and 8.15 per cent cadmium. 
The melting point of the ternary eutectic is 91.5°C. Some of 
the more important physical properties of lead, bismuth and 
cadmium are listed in Appendix B. The analytical procedures 
used for the determination of cadmium in the presence of lead 
and bismuth are given in Appendix C. 
Vacuum System 
The vacuum system for the distillation chamber consisted 
of a liquid nitrogen cold trap, two oil diffusion pumps in 
series, a forepump and associated piping. A Duo-Seal model 
No. 1397 was used as a forepump. Its ultimate vacuum is 1 x 
10""4 mm Hg and it has a free air rate pumping speed of 375 
liters per minute. 
The main diffusion pump was a three stage Consolidated 
Vacuum Corporation (CVC) model No. 1384F pump. Its ultimate 
vacuum is 5 x 10mm Hg and has a pumping speed of .275 
liters per second at a pressure of 10~4 mm Hg. This pump was 
backed by a three-stage CVC model No. 1384E diffusion pump. 
The vacuum system used for the condenser section of the 
distillation unit was similar to that of the main system. A 
two-stage CVC model No. 1385E diffusion pump was backed by a 
Duo-Seal model No. 1405 vacuum pump. A nitrogen cold trap was 
also employed. 
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Through a series of manifolds and valves various sec­
tions of the loop, including the sampling valve, could be 
evacuated using the main vacuum system. 
49 
EXPERIMENTAL PROCEDURE 
General Operation of the Forced Circulation Loop 
The procedure used in charging the loop with the distil­
lation chamber not in operation was as follows: 
1. All furnaces, except furnace A (shown in Figure 15), 
were brought up to a temperature in range of from 
200°C to 300°C. 
2. At the same time the upper and lower preheat coils, 
as well as the expansion tank and cold trap coils, 
were turned on and all parts of the loop heated to 
200°C. 
3. The distillation line inlet, distillation line out­
let, and charge line water cooling coils were turned 
on full. The expansion tank flange and charge tank 
flange were opened sufficiently to keep these flanges 
cool. The main pump cooling was turned on very 
slightly, just enough to keep the pump head warm, 
but not cold, to the touch. 
4. The loop was then purged with argon and brought down 
to a pressure of 5 in of Hg. The charge tank was 
pressurized to 2 lbs of argon pressure and the charge 
line cooling water turned off. The freeze plug was 
then melted by turning on the charge line heating 
tape. 
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When the plug melted, the liquid metal was forced 
into the loop as far as the check valve and as high 
as the pressure differential would push it. The 
pressure in the charge tank was then brought up to 
10 lbs of argon and the loop very slowly evacuated. 
The metal was pushed up onto the expansion tank and 
flowed down into the slant leg. From the slant leg 
it filled the cold trap and, as the level rose, 
finally the bulk supply tank. 
When the level in the bulk supply tank was approxi­
mately one inch from the top, it contacted a thermo­
couple which was brought out through a "Conax" fit­
ting at the top of the tank. When the metal level 
contacted the thermocouple it shorted the thermo­
couple to the loop and this was detected by a resis­
tometer. As soon as the needle on the resistometer 
deflected the standpipe cooling water was turned on. 
Quick action here avoided getting metal in the 
vacuum pipe at the top of the bulk supply tank. 
The level in the expansion tank was then located by 
the movable probe which was electrically insulated 
from the loop. A resistometer was connected between 
it and the loop and when the probe touched the metal 
it shorted and the meter needle deflected. 
After the desired level was attained the pump was 
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started and the temperature profile established by 
regulating the furnaces. 
Operation of Distillation Unit 
The procedure for a typical experimental run took the 
following course. The vacuum system was started and when the 
desired pressure was reached the liquid metal pump was shut 
off. The pump was stopped at the end of a displacement 
stroke. Water to all slant leg cooling coils was turned on 
and some insulation was removed to facilitate cooling. While 
the slant leg was cooling down, power to furnace A (shown in 
Figure 15) was turned on and the water to the distillation unit 
inlet cooling coil turned off. Next the distillation unit 
inlet heating tape was energized and the freeze plug in the 
distillation inlet melted. After a plug was fcozen in the 
slant leg, the water to the distillation unit outlet cooling 
coil was turned off and the heating tape turned on. Mean­
while the distillation unit was brought up to the desired 
operating temperature by use of the three furnaces mounted on 
the distribution plate and the distillation unit preheat 
coils. As soon as the freeze plug in the distillation unit 
outlet pipe thawed, the power to the pump was turned on and 
the distillation run started. 
The distillate was withdrawn at set time intervals which 
depended upon the temperature at which the distillation was 
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being carried out and the flow rate. 
A number of distillation runs were made without the use 
of the forced circulation loop. These runs were accomplished 
by freezing a plug in the vertical pipe leading to the ex­
pansion tank as well as the slant leg. The solid alloy sam­
ple to be distilled was then charged to the expansion tank 
and a vacuum drawn on it and the distillation chamber. The 
melting of the sample and hence the flow rate was controlled 
by the amount of power supplied to the expansion tank 
heaters. The distillate was withdrawn through the ball valve 
sampler in the normal manner. The distilland was withdrawn 
from the cold trap drain pipe. 
Flow Rate Calibration 
The flow rate of the pump was checked by pumping metal 
from the bulk tank to the expansion tank. The time taken to 
raise the liquid level in the expansion tank a set amount 
gave the flow rate in volume per unit of time. This was then 
converted to gallons per minute. 
Flow rate runs were accomplished by freezing a plug in 
the distillation unit inlet and outlet line as well as the 
slant leg. The metal in the bulk tank and the pipe connect­
ing it to the check valve assembly was then melted. After 
all the metal contained in the bulk tank had been pumped into 
the expansion tank the slant leg freeze plug was melted. The 
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liquid metal was then transferred back into the bulk tank by 
gravity flow. This procedure was repeated until the desired 
amount of flow rate data had been taken. 
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THEORY 
Due to the high thermal conductivity and hydrostatic 
head of metals, formation of vapor bubbles below the surface 
does not occur at heat fluxes normally encountered. Thus 
boiling is not observed, and evaporation becomes a surface 
phenomenon. In view of this fact, the conditions below the 
surface may assume increased importance. For example, sur­
face depletion of the more volatile component may take place 
due to insufficient migration to the surface. However, due 
to the great amount of mixing provided in the distillation 
chamber by the distribution plate, it will be assumed in this 
work that the surface concentration of the volatile component 
is at the same value as the bulk concentration. 
In the pressure range at which the experiments were car­
ried out, the effect of residual gas molecules can be ignored. 
Therefore, the net rate of evaporation can be expressed by 
Langmuir's equation (Equation 1). Upon substituting for the 
gas constant R, Equation 1 for the volatile component may be 
written 
m = 5.83 x 10~2 XP ~ gm/sec-cm2 (2) 
where P is the equilibrium vapor pressure of the volatile 
component in the pure state at absolute temperature T in °K, 
X is the mole fraction of the volatile component in the liquid 
metal mixture, M is the molecular weight of the volatile com­
ponent, and the value of 1/ V 2tR has been incorporated in the 
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numerical constant. 
The rate of distillation per unit area will vary from 
the top of the evaporating surface distribution plate to the 
bottom. This is due to the fact that the mole fraction of 
the volatile component decreases from top to bottom. The re­
lationship between the incoming or feed composition XD, and 
the outlet composition Xp can be developed by setting up a 
mass.balance for the volatile component. 
Assuming a bulk metal flow L across a small length AZ 
of the distribution plate having a width of a, the steady 
state mass balance for the volatile component over the ele­
ment is 
LX - LX 
Z 
+ KXP *Tm a AZ = 0 (3) 
Z+AZ T 
where K is the numerical constant in Equation 2. Dividing 
Equation 3 by AZ and taking the limit as AZ approaches zero 
we obtain 
4- (LX) = -KXP 4ÏÂ a (4) 
dz Y 
which may be rewritten 
1XH) = - KP */m adz (5) 
X (ji 
and 
L = F - (FX0 - LX) (6) 
where L is the bulk flow rate at any point on the distribution 
plate, F is the feed flow rate, Xc is the initial concentra­
tion of the volatile component in the feed, and X is the 
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concentration at any point on the plate. 
The quantity d(LX) upon differentiation with respect to 
X gives 
d(LX) = F (1 - X0) [~2 - ]d% (7) 
Substituting this expression in Equation 5 and setting the 
limits of integration from the top of the distribution plate 
to the bottom we get 
v 2 
p(i-Xo) I p [—T- — ]ax = -hp Vm a f az io (1-^) (l-X)X T J0 (8) 
which may be integrated to give 
xp(i-x0) Xp-Xo -KP Vm 
In + : — - (9) 
Xo(l-Xp) (1-Xq) (1-Xp) (1-X0) F 
where Xp is the concentration of the volatile component in 
the outlet distilland stream and A is the surface available 
for evaporation. This solution tacitly assumes total condensa­
tion of the vapor. 
If we assume that the amount of volatile distilled is 
small compared to the total bulk flow L, then L is constant 
and equal to F. Equation 5 integrated between limits then 
yields 
In =£ = -KP >fg | . (10) 
Ao T 
Some evaluations of Equation 9 for cadmium in the 
eutectic melt of lead-bismuth are given in Figure 16. These 
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evaluations were made by calculating the quantity A/F for 
various values of XQ, Xp, and T. All calculations were made 
assuming the activity coefficient equal to the mole fraction. 
The mole per cent of cadmium in the eutectic melt of 
lead-bismuth versus the weight per cent is shown in Figure 
17. 
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Figure 17. Weight per cent vs. mole per cent for cadmium in the eutectic 
melt of lead-bismuth 
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RESULTS AMD DISCUSSION 
Experimental data were obtained by two methods. One set 
of data was obtained from single pass runs and another set 
from continuous recirculatory runs. The procedures for per­
forming these runs have already been discussed in the ex­
perimental procedure section. 
The results will be presented on the basis of the distil­
lation of a volatile (cadmium) from a non-volatile (lead-
bismuth alloy of the eutectic composition). The lead-bismuth 
eutectic may be assumed non-volatile. This is a good as­
sumption as it can be shown by Equation 9 that the X0/Xp 
ratio is equal to 1.00 for the range in which these experi­
mental runs were carried out. 
Due to the lack of activity data on the cadmium-lead-
bismuth ternary alloy in literature, all calculations were 
made assuming the activity coefficient equal to the mole 
fraction. 
In order to calculate the theoretical mole fraction 
ratio or weight fraction ratio at any temperature from Equa­
tion 9 the area available for distillation at any given flow 
rate had to be known. This area was estimated by taking 
photographs of mercury flowing down a full scale lucite model 
of the evaporating surface distribution plate. The surface 
area of the mercury at various flow rates was then measured. 
The areas obtained in this manner were considered to be a 
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good approximation of the area of the actual metal mixture 
flowing in the experimental equipment. This conclusion was 
drawn because it was observed photographically that the dif­
ference in the contact angles of cadmium-lead-bismuth alloy 
and mercury on both lucite and stainless steel was small. 
The resulting areas are plotted in Figure 18 versus flow rate 
of metal over distribution plate. From this plot the area 
corresponding to the flow rate being considered can be ob­
tained. Thus, the ratio A/F can be determined and the 
theoretical mole fraction ratio X@/Xp for any given tempera­
ture calculated by Equation 9 or read directly from Figure 
16, a plot of X0/Xp versus A/F. 
The temperatures of the inlet and exit streams, as well 
as several temperatures on the evaporating surface distribu­
tion plate, were measured during each experimental run. The 
temperatures, as recorded by thermocouple Nos. 21, 23, 24, 27, 
30, and 31 (see Figures 9 and 15), did not deviate more than 
+ 7°C from the average for any run. Thus, the average of 
these six readings was taken as the temperature of the distil­
lation and used to calculate the theoretical separation. 
During the recirculatory runs, the temperatures through­
out the loop were measured by the various thermocouples shown 
in Figure 15. The cold trap was maintained at a temperature 
of approximately 300°C. This was 50°C lower than the check 
valve assembly, which was the next coolest portion of the 
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loop. After leaving the cold trap, the temperature of the 
metal was gradually raised until the desired distillation 
temperature was reached at the expansion tank. Furnaces F 
and A (Figure 15) were then used to adjust the temperature of 
the metal to that of the distillation unit. Close control of 
the temperature profile was maintained by varying the power 
input to the various furnaces. A typical temperature profile 
for a distillation temperature of 500°C was as follows: 
Thermocouple No. 1, 300°C; Thermocouple No. 4, 350°C; 
Thermocouple No. 7, 400°C? Thermocouple No. 10, 520°C; Ther­
mocouple No. 13, 500°Cy and Thermocouple No. 22, 500°C. 
Single Pass Runs 
Seventeen runs were made in which temperature, flow rate 
and initial feed composition were varied. The data obtained 
from these runs are tabulated in Table 3, Appendix D. 
Figure 19 is a plot of the observed distillation areas 
versus temperature. As can be seen in this figure, the dis­
tillation rate varied with temperature, initial feed composi­
tion, and flow rate. Figure 21 shows the same data plotted 
in another manner. 
The distillation rate increased with increasing tempera­
ture, feed rate, and initial feed composition. Since the 
area available for distillation increased with higher flow 
rates, one would expect to find a flow rate dependency. The 
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effects of temperature and composition upon the distillation 
rate are as would be predicted by Equation 2. 
Figure 21 indicates that the distillation rate is a much 
stronger function of temperature and initial feed composition 
than of feed flow rate. For example, upon raising the tem­
perature at the same feed rate and same initial feed composi­
tion, a sizable increase in distillation rate is obtained. 
The same is true if one holds the feed rate and temperature 
constant and increases the initial feed concentration. How­
ever, if the temperature and feed composition are held con­
stant while the flow rate is increased, a much smaller in­
crease in the distillation rate is observed. 
The strong dependency of the distillation rate upon 
temperature is due to the fact that the vapor pressure of 
the volatile component increases is a log function of tem­
perature. Thus, a small increase in temperature results in a 
large increase in distillation rate. 
If we now define an efficiency E by 
observed rate _ 
theoretical rate ~ 
then the observed rate as per cent of the theoretical rate is 
given by E x 100. The observed rates ranged from a low of 59 
per cent to a high of 80 per cent. These rates are shown 
graphically in Figures 20 and 22, which are plots of different 
runs under various operating conditions. 
The divergence of the observed rates of distillation 
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compared with theoretical rates are approximately one half 
the divergence observed by Martin and Brown (66) and Ende-
brock and Engle (29) for molecular distillation in pot stills. 
The high efficiencies observed are thought to be due to the 
constant surface renewal provided by the design of the 
evaporating-surface distribution plate. These results seem 
to indicate that the large divergences between the experi­
mental and theoretical distillation rates, observed by 
others (66,29,35,38) for distillations in pot stills, are 
due either to the interference of thin surface oxide films 
or surface depletion and possibly a combination of both. 
The effects of distillation rate and feed rate on the 
efficiency of the distillation unit are shown graphically in 
Figure 23. These data are typical of all runs. 
If one connects points of constant feed composition and 
feed rate (indicated by the solid line), the effect of 
distillation rate upon efficiency may be studied. As can be 
seen, the efficiency decreases with increasing distillation 
rate. A higher feed rate produces another line which lies be­
low the first, thus indicating that flow rate also affects 
efficiency. It is observed that lower efficiencies are ob­
tained at higher feed rates. This can be emphasized by con­
necting points of constant temperature and composition but 
different flow rates as shown in Figure 23 by dotted line. 
The data discussed thus far indicate how the operating 
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variables of temperature, feed composition, and feed rate 
affect the distillation rate and efficiency of the distilla­
tion unit. These data allow a combination of temperature and 
feed rate to be selected to give a high distillation rate for 
a given initial feed composition. However, an additional 
factor, that of distillate purity must be considered. This 
factor may or may not be of importance depending upon whether 
the removal of a valuable volatile component or the stripping 
of an undesired volatile from the bulk stream is all that is 
desired. If the unit is operated as a stripper, then a high 
rate of distillation of the unwanted volatile is desirable. 
If, however, a pure distillate is desired, then other factors 
may become important. To help explain this a concentration 
factor for the distillate will be defined. 
We may define a concentration factor as 
Wgt. % Pb-Bi 
Wgt. % Cd initial 
C. F. =• 
S: : S'BI COIIECTEA 
where initial refers to the feed composition and collected to 
the distillate composition. It can be seen that since the 
lead-bismuth eutectic was assumed to be non-volatile in the 
temperature range of the experiments, none should appear in 
the distillate. Thus the concentration factor should ap­
proach infinity. This, of course, was not the case. 
The highest concentration factor observed was approxi­
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mately 3000 and the lowest 62. These occurred at the lowest 
and highest distillation rates respectively. The concentra­
tion factor versus the distillation rate for various tempera­
tures and feed composition is plotted in Figure 24. 
The low concentration factors are thought to be caused 
by liquid phase carry-over into the distillate. This carry­
over could occur both by splashing and physical entrainment. 
It is difficult with the present data to establish 
quantitatively just how much each mechanism contributed to 
the low concentration factors. However, some general trends 
can be established. 
The dotted lines in Figure 24 connect points having the 
same feed rate and temperature but different initial feed 
concentrations which give different distillation rates. Thus 
we may observe how the concentration factor varies with dis­
tillation rate. It can be seen that the concentration factor 
decreases with increasing distillation rate at all the 
temperatures for both flow rates. It can also be seen that 
the different flow rates give "families" of lines which are 
widely separated. This is quite obvious in the case of the 
highest flow rate. Thus the concentration factor also varies 
with feed flow rate. This latter dependency is most surely 
due, at least in part, to some of the bulk liquid splashing 
over into the distillate as the liquid flows down the distri­
bution plate. A small amount of splashing was observed with 
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the lucite scale model distribution plate at high flow rates. 
The dependency of the concentration factor on distillate 
rate could be explained if physical entrainment took place. 
However, it is felt that the present amount of data does not 
warrant a firm conclusion on this matter. Other investiga­
tors (1,84) distilling cadmium from cadmium at very high heat 
fluxes have also observed this liquid phase carry-over. The 
liquid-phase carry-over is, of course, a function of equip­
ment design and must be the subject of further investigation. 
It should be pointed out that the concentration factors 
observed in these experiments were similar to, and in many 
cases much larger than, those observed by other investigators 
(29,66) who did their work using pot stills. 
In conclusion, it can be stated that the rate of distil­
lation observed in this unit was determined by the tempera­
ture, feed flow rate, and initial feed composition. The 
lower the rate of distillation and feed flow rate, the higher 
the concentration factor. Thus, if one desires a high purity 
distillate a low rate of distillation and feed must be used. 
If the distillate purity is of little consequence and the 
unit operated as a stripper, then a high feed rate and rate 
of distillation should be used. 
Continuous Recirculatory Runs 
The data obtained from these runs are tabulated in 
Tables 4, 5, and 6 in Appendix D. The data are shown graphic­
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ally in Figures 25, 26, 27, and 28. 
One can best visualize these runs as a succession of 
single pass runs where the unit is being operated as a strip­
per and the metal is transferred from the outlet of the 
distillation unit to the inlet by means of a pump. For any 
given pumping rate the time required for a slug of metal to 
complete the cycle could be calculated. Thus, when the pump 
was started, an outlet composition of W^, corresponding to 
one pass through the distillation unit, would be expected. 
After a time interval equal to the time for one cycle, an 
outlet product of Wp2, corresponding to two passes through 
the distillation unit, would be expected, and so forth. 
If there were no back mixing as the metal moved through 
the loop, the product composition versus time or number of 
cycles would be a step function. However, some back mixing 
will occur and thus, a plot of the outlet product composition 
versus time or number of cycles from start up would appear as 
shown in Figure 29. 
The data obtained in the continuous recirculatory runs 
were in general agreement with those of the single pass runs. 
The concentration factors decreased with increasing distilla­
tion rate and feed flow rate. The efficiencies were high 
with low distillation rates and vice versa. Thus, it appears 
that the pulsed flow, created by the Pulsafeeder pump, did 
not change the overall performance of the unit. 
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Figures 25, 26, and 27 are plots of the exit composition 
observed versus the time or number of cycles from start up. 
Since one is concerned with the depletion of cadmium from the 
bulk stream, the predicted theoretical product or exit com­
position Wp lies below the experimentally observed values. 
In other words, we are not removing as much cadmium by 
distillation as is predicted by theory and thus, the observed 
exit or product composition is greater than theoretical. 
The average efficiencies ranged from 0.63 at the higher 
flow rate to 0.79 at the lower flow rate. The concentration 
factors varied from 45 at the higher flow rate to 480 at the 
lower rate. 
These results have the same trend as those obtained from 
the single pass runs. For example, run CR-2 was conducted at 
a temperature of 500°C, a flow of 39.2 gm/sec, and an initial 
composition of 0.07 weight fraction cadmium. At the end of 
the first cycle, corresponding to a single pass, the ef­
ficiency was 0.61 and the concentration factor 317. Run 11 
of the single pass runs had almost the same conditions, with 
the exception of a slightly lower flow rate (36.7 gm/sec) and 
slightly lower initial concentration (0.05). The efficiency 
was 0.66 and the concentration factor 594. 
It was found that the average efficiency could be used 
to predict a given outlet composition during any cycle from a 
knowledge of the theoretical composition during the same 
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cycle. This was done in the case of run CR-2 and is shown 
graphically in Figure 26. The predicted compositions are in 
fair agreement with the actual experimental results. There­
fore, one can predict the number of cycles necessary to ob­
tain a given outlet composition. It should be pointed out 
that the efficiency varies with the flow rate and thus, one 
must be careful to use an efficiency which corresponds to the 
range of flow rates involved. 
In conclusion it can be stated that the results of the 
continuous recirculatory runs showed the same general trend 
as those of the single pass runs. It was also found that 
average efficiencies could be used to approximate outlet 
compositions. 
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CONCLUSIONS 
A unique single stage continuous molecular distillation 
unit for the separation of liquid metals was constructed and 
its performance studied under various operating conditions. 
Distillation rates varying from 50 to 80 per cent of the 
theoretical rate were obtained. Since there are no data in 
literature on the separation of liquid metals by single stage 
continuous molecular distillation, the rates obtained could 
not be directly compared to other investigators' work. How­
ever, the divergence between observed and theoretical rates 
is less than one half that observed by others (29,66) for 
distillation in pot stills. This implies that the constant 
renewal of the liquid metal surface provided by the evaporat­
ing surface distribution plate was a major factor in obtain­
ing high practical rates of distillation compared with 
theoretical rates. 
Concentration factors obtained varied from 45 to 2990. 
These values are much higher than any reported in the 
literature for pot stills at comparable rates of distillation. 
It was demonstrated that pulsed flow does not affect the 
overall performance characteristics of the distillation unit. 
It has been shown that average efficiencies can be used 
to predict approximate outlet compositions for continuous 
recirculatory operation. 
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RECOMMENDATIONS AND IDEAS 
A new distillation unit should be designed with particu­
lar attention given to the reduction of splashing. This 
could possibly be accomplished by a different distribu­
tion plate design and by increasing the slant of the 
distribution plate in the distillation unit to approxi­
mately 15 degrees. 
The dependency of the area upon the flow rate of the 
liquid metal flowing down the distribution plate should 
be precisely determined. This could be studied by means 
of high speed motion picture photography. Either mercury 
or the Cd-Pb-Bi ternary eutectic alloy, which melts at 
approximately 95°C, could be used as a working fluid. In 
the latter case, small electrical heaters would have to 
be used to supply the necessary heat to the distribution 
plate. 
The semi-circular condenser design is quite satisfactory 
and should be retained. However, forced air cooling of a 
finned condenser surface could be used. This would 
eliminate the somewhat hazardous boiling NaK cooling sys­
tem. 
A system of feed and product tanks with accurate bellows-
sealed valves for controlling flow should be used in 
future investigations. Since the oxide slag would be ex­
pected to float on the top of the melt, a feed stream 
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withdrawn from the bottom of the supply tank would con­
tain very little, if any, oxide. 
5. A simulation of a complete process cycle could be ac­
complished by using various feed tanks to supply make­
up quantities of volatiles removed from the bulk feed. 
This system could be enlarged to contain several distil­
lation units staged in series. A feed containing 
several volatile components could then be fed to the 
assembly and the amount of separation at each distilla­
tion unit or stage investigated. 
6. In selecting future systems for study, some thought should 
be given to the possibility of using mixtures of current 
AEC interest; for example, the removal of zinc or cadmium 
from uranium or possibly the removal of samarium or 
plutonium from uranium. 
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NOMENCLATURE 
a = width of distribution plate 
A = area available for evaporation 
F = feed flow rate 
K = numerical constant (5.83 x 10"2) 
L = bulk metal mixture flow rate in distillation unit 
m = rate of evaporation (gm/sec-cm^) 
M = molecular weight of volatile component 
P = pure component vapor pressure 
r ~ coefficient of reflection 
R = gas constant 
T = absolute temperature 
W = weight fraction of volatile component 
X = mole fraction of volatile component 
Z = length of distribution plate 
Subscripts 
o = initial or inlet stream 
p = final or outlet stream 
87 
BIBLIOGRAPHY 
1. Argonne National Laboratory News Bulletin. 3, No. 2. 
1962. 
2. Bagnall, K. W. and Robertson, D. S. The evaporation of 
polonium from bismuth melts. U. S. Atomic Energy Com­
mission Report LMF P/P-9 [Gt. Brit. Atomic Energy Re­
search Establishment, Harwell, Berkshire, England]. 
1956. 
3. Barlow, E. B. The binary and ternary alloys of cadmium, 
bismuth and lead. Journal of the American Chemical 
Society. 32:1390-1412. 1910. 
4. Betcherman, I. I. and Pidgeon, L. M. The distillation 
of calcium and magnesium. Canadian Mining and Metallur­
gical Bulletin. 44:253-460. 1951. 
5. Bockris, J. O'M., White, J. L., and Mackensie, J. D., 
eds. Physico-chemical measurements at high temperatures. 
Butterworths Scientific Publications. London. 1959. 
6. Bronsted, J. N. and Hevesy, G. On the separation of the 
isotopes of mercury. Edinburgh and Dublin Philosophical 
Magazine. 43:31-48. 1922. 
7. Buchanan, W. A. A condenser for the vacuum distillation 
of metals. Unpublished M.S. thesis. Library, Iowa 
State University of Science and Technology. Ames, Iowa. 
1959. 
8. Budgen, N. F. Cadmium. Charles Griffin and Company, 
Ltd. London. 1924. 
9. Burch, C. R. and Van Dijck, W. J. D. The theory and de­
velopment of high-vacuum distillation. Society of 
Chemical Industry Transactions. 58:39-42. 1939. 
10. Burrows, G. Behavior of mobile molecules. Vacuum. 
7:3-18. 1957. 
11. . Evaporation at low pressures. Journal of 
Applied Chemistry. 7:375-384. 1957. 
12. . The general technique of molecular distilla­
tion. II. Journal of the American Chemical Industry. 
58:50-56. 1939. 
88 
13. . Molecular distillation. Oxford University 
Press. London. 1960. 
14. . Some aspects of molecular distillation. 
Institute of Chemical Engineers Transactions. 32:23. 
1954. 
15. Carman, P. C. Molecular distillation and sublimation. 
Faraday Society Transactions. 44:529-536. 1948. 
16. Clifford, J. C. A loop for circulating liquid lead-
bismuth mixtures: corrosion studies and operation. Un­
published Ph.D. thesis. Library, Iowa State University 
of Science and Technology. Ames, Iowa. 1960. 
17. and Burnet, G. Attack of ferritic steels by 
the eutectic melt of lead-bismuth. Chemical Engineering 
Progress Symposium Series 58, No. 39:67-73. 1962. 
18. and . Use of flanged joints in liquid-
metal service. Chemical Engineering. 68:179-180. 1961. 
19. Cubicciotti, D. The evaporation of plutonium from small 
pieces of uranium reactor fuel. U. S. Atomic Energy 
Commission Report NAA-SR-1057 [North American Aviation, 
Inc., Downey, Calif.]. 1954. 
20. . The volatilization of tracer plutonium from 
molten uranium metal. U. S. Atomic Energy Commission 
Report NAA-SR-242 [North American Aviation, Inc., 
Downey, Calif.]. 1953. 
21. Davey, T. R. A. Distillation under moderately high 
vacuum, illustrated by the vacuum distillation of zinc 
from lead vacuum. 12:83-95. 1962. 
22. . Vacuum dezincing of desilvered lead bullion. 
Journal of Metals. 5:991-997. 1953. 
23. DeVoe, J. R. Radiochemical separation of cadmium and 
the application of vacuum distillation of metals to 
radiochemical separations. U. S. Atomic Energy Commis­
sion Report AECU-4610 [Technical Information Service 
Extension, AEC]. 1959. 
24. and Meinke, W. W. Some applications on vacuum 
distillation of metals to radiochemical separations. 
Analytical Chemistry. 35, No. 1:2-6» 1963. 
89 
25. Dushman, S. Scientific foundations of vacuum technique. 
John Wiley and Sons, Inc. New York, N. Y. 1949. 
26. Ehn, E. and Woelk, H. U. Construction and operation of 
an apparatus for distilling the feed solution of the BER 
(Berlin Experimental Reactor). U. S. Atomic Energy Com­
mission Report HMI-B8 [Hahn-Meitner-Institut fur 
Kernforschung Berlin]. 
27. Embree, N. D. Theory of the elimination curve. In­
dustrial and Engineering Chemistry. 29:975-979. 1937. 
28. Endebrock, R. W. U. S. Atomic Energy Commission Report 
MLM-534 [Mound Lab., Miamisburg, Ohio]. 1951. 
29. and Engle, P. M. Separation of polonium from 
bismuth by distillation. U. S. Atomic Energy Commission 
Report AECD-4146 [Technical Information Service Ex­
tension, AEC]. 1953. 
30. Erway, N. D. and Simpson, 0. C. Fractionation of fis­
sion products and heavy elements by volatilization 
methods. U. S. Atomic Energy Commission Report CC-3625 
[Chicago. Univ. Metallurgical Lab.]. 1946. 
31. Fawcett, E. W. M. The general technique of molecular 
distillation. I. Journal of the American Chemical 
Industry. 58:43-50. 1939. 
32. Hickman, K. C. D. Apparatus and methods. Industrial 
and Engineering Chemistry. 29:968-974. 1937. 
33. . High vacuum short path distillation. Chemi­
cal Reviews. 34:51-103. 1944. 
34. . Molecular distillation. Industrial and 
Engineering Chemistry. 29:1107-1113. 1937. 
35. . Surface behavior in the pot still. Industrial 
and Engineering Chemistry. 44:1890-1901. 1952. 
36. and Trevoy, D. J. Comparison of high vacuum 
stills and tensimeters. Industrial and Engineering 
Chemistry. 44:1903-1911. 1952. 
37. and . Evaporation from liquid surfaces 
in vacuum. Vacuum. 2:3-18. 1952. 
90 
38. and . Evaporation of liquids in high 
vacuums. Chemical Engineering Progress. 49:105-109. 
1953. 
39. and . Studies in high vacuum evapora­
tion. Industrial and Engineering Chemistry. 44:1882-
1888. 1952. 
40. and . Torpidity of stirred phlegmatic 
liquids. Industrial and Engineering Chemistry. 46:45-52. 
1954. 
41. Hofman, E. M. Metallurgy of zinc and cadmium. McGraw-
Hill Book Co., Inc. New York, N. Y. 1922. 
42. Hooper, E. W. and Keen, N. J. The purification of 
beryllium metal by a distillation process. U. S. Atomic 
Energy Commission Report ABRE-R-3321 [Gt. Brit. Atomic 
Energy Research Establishment, Harwell, Berkshire, 
England]. 1960. 
43. Horsley, G. W. A filtration and vacuum distillation 
unit for the purification of alkali metals. Journal of 
Applied Chemistry. 8:13-18. 1958. 
44. Hudswell, G., Wilkinson, K. L., Wyatt, L. J., and Nairn, 
J. S. The separation of zirconium from hafnium. U. S. 
Atomic Energy Commission Report AERE-C/R-545 [Gt. Brit. 
Atomic Energy Research Establishment, Harwell, Berkshire, 
England]. 1950. 
45. Isbell, W. T. Vacuum dezincing in lead refining. 
American Institute of Metallurgical Engineers Transac­
tions. 182:186. 1947. 
46. Jewell, W., Mead, T. H., and Phipps, J. w. The appli­
cation of molecular distillation to the concentration 
of vitamins. Journal of the Society of Chemical In­
dustries. 58:56-64. 1939. 
47. Kappraff, I. M. Vaporization of antimony and bismuth 
alloys, unpublished M.S. thesis. Library, Iowa State 
University of Science and Technology. Ames, Iowa. 1957. 
48. Kaufmann, A. R., Gordon, P., and Lillie, D. W. The 
metallurgy of beryllium. American Society for Metals 
Transactions. 42:785-844. 1950. 
91 
49. Kenefick, E. V. Vacuum distillation of metals using the 
lead-bismuth system, unpublished M.S. thesis. Library, 
Iowa State University of Science and Technology. Ames, 
Iowa. 1957. 
50. Keys, J. J., Kuipers, G. A., and Trauger, D. B. Separa­
tion of lithium isotopes by molecular distillation: 
second mevac pilot plant, U. S. Atomic Energy Commis­
sion Report K-1220 (DEL) [oak Ridge Gaseous Diffusion 
Plant, Tenn.]. 1955. 
51. Kotov, E. I. Theory and calculation of the distillation 
of metals and methods of verifying experimental data 
using as an example the zinc-cadmium system. (In 
Russian) Vestnik Acad. Nauk Kazakh. S. S. S. R. 6, 
No. 1(46):37-51. 1949. (Original not available; ab­
stracted in Chem. Abstr.) 47:9084. 1953. 
52. Kroll, W. J. Melting and evaporating metals in a 
vacuum. Electrochemical Society Transactions. 87:571-
587. 1945. 
53. ___ . Vacuum metallurgy. Vacuum. 1:163-184. 1951. 
54. , Holmes, H. P., Yerkes, L. A., and Gilbert, 
H. L. Electrochemical Society Transactions. 94:1-20. 
1948. 
55. Kubaschewski, o. and Catterall, J. A. Thermochemical 
data of alloys. Pergamon Press. New York, N. Y. 1956. 
56. Langmuir, I. The evaporation, condensation and reflec­
tion of molecules and the mechanism of adsorption. The 
Physical Review. 8:149-176. 1916. 
57. . The vapor pressure of metallic tungsten. The 
Physical Review. 2:329-342. 1913. 
58. Leuze, R. E. Application of volatility processes to 
uranium recovery. U. S. Atomic Energy Commission Report 
CF-S2-4-64 [Chicago. Univ. Metallurgical Lab.]. 1952. 
59. Lumsden, J. Thermodynamics of alloys. Institute of 
Metals. London. 1952. 
60. Lyon, R. N., ed. Liquid-metals handbook. U. 8. Atomic 
Energy Commission Report NAVEXOS-P-733 (Rev.) [office 
of Naval Research, Washington, D. C.]. JUne 1952. 
92 
61. Malyusov, V. A., Umnik, N. N., Malafeev, N. A., and 
Zhavoronkov, N. M. Molecular rectification. Academy of 
Sciences of the U. S. S. R. Chemical Technology Section 
Proceedings. 108:93-96. 1956. 
62. Martin, A. J. The purification of beryllium by distil­
lation. Vacuum. 7:38-45, 1957. 
63. . Theoretical and practical considerations of 
the purification of beryllium by distillation. U. S. 
Atomic Energy Commission Report AWRE-O-12/55 [Gt. Brit. 
Atomic Weapons Research Establishment, Aldermaston, 
Berkshire, England]. 1955. 
64. . Vacuum distillation of metals. I. Metal 
Industry. 88:473-476. 1956. 
65. . Vacuum distillation of metals. II. Metal 
Industry. 88:495-498. 1956. 
66. Martin, F. S. and Brown, R. E. The distillation of 
liquid metal (bismuth) reactor fuel. u. 8. Atomic 
Energy Commission Report AERE-C/R-2391 [Gt. Brit. 
Atomic Energy Research Establishment, Harwell, Berkshire, 
England]. 1957. 
67. Miller, G. L. Applied vacuum metallurgy. Vacuum. 
2:19-32. 1952. 
68. Milne, T. A. and Young, C. T. The volatilization of 
fission products from molten and solid thorium-uranium 
alloy. U. S. Atomic Energy Commission Report NAA-SR-1680 
[North American Aviation, Inc. Downey, Calif.]. 1956. 
69. Motta, E. E., Bareis, D. W., and Cubicciotti, D. 
Separations chemistry quarterly progress report NAA-SR-
844 [North American Aviation, Inc. Downey, Calif.]. 
1954. 
70. Pierce, W. M.. and Waring, R. K. New Jersey zinc Company 
process for the refining of zinc by redistillation. 
American Institute of Mining and Metallurgical Engineers 
Transactions. 121:445-452. 1936. 
71. Price, J. W. Some applications of vacuum distillation 
techniques in the analysis of alloys. Society of Chemi­
cal Industry Transactions. 64:283-285. 1945. 
93 
72. Rogers, R. R. and Viens, G. E. Refining lithium by 
vaporization at low pressure. Canadian Mining and 
Metallurgical Bulletin. 44:15-20. 1951. 
73. and . Refining of magnesium by 
vaporization at extremely low pressures. Journal of the 
Electrochemical Society. 97:419-423. 1950. 
74. Rosser, W. A. Theoretical rate of colatilization of Pu 
from a dilute solution of Pu in U metal. U. S. Atomic 
Energy Commission Report NAA-SR-218 [North American 
Aviation, Inc. Downey, Calif.]. 1953. 
75. Rukenshtein, E. Continuous molecular distillation. 
Academy of Sciences of the U. S. S. R. Chemical Tech­
nology Section Proceedings. 108:93-96. 1956. 
76. Schaffner, R. M., Bowman, J. R., and Coull, J. A high 
vacuum rectifying column employing multiple redistilla­
tion. American Institute of Chemical Engineers Trans­
actions. 39:77-92. 1943. 
77. Schlechten, A. W. and Doelling, R. F. Vacuum treatment 
of Parkes' process crusts on a pilot plant scale. 
Journal of Metals. 3:327-330. 1951. 
78. Spedding, F. H. and Daane, H. H. Production of rare 
earth metals in quantity allows testing of physical 
properties. Journal of Metals. 6:504-510. 1954. 
79. Spendlove, Max J. Experiments on vacuum distillation of 
non-ferrous metals and alloys. In Electrochemical 
Society. Electrothermics and Metallurgy Division. 
Vacuum Metallurgy Symposium, pp. 192-213. The Society. 
Boston, Massachusetts. 1955. 
80. and St. Clair, H. W. Low pressure distilla­
tion of zinc from Al-Zn alloy. Journal of Metals. 
185-553-560. 1949. 
81. Stachura, S. J. Vapor-liquid equilibria in metal sys­
tems. unpublished Ph.D. thesis. Library, Iowa State 
University of Science and Technology, Ames, Iowa. 1962. 
82. St. Clair, H. W. Distillation of metals under reduced 
pressures. In Bunshah, Rointan F., ed. Vacuum 
metallurgy, pp. 295-305. Reinhold Publishing Corpora­
tion. New York, N. Y. 1958. 
94 
83. Turner, T. The behavior of certain alloys when heated 
in vacuo. Journal of the Institute of Metals. 7:105-
122. 1912. 
84. U. S. Atomic Energy Commission Report ANL-6635 [Argonne 
National Lab., Lemont, 111.]. 1962. 
85. Vivian, J. E. A discussion of the controlling rates of 
vacuum distillation of metals. U. S. Atomic Energy Com­
mission Report LWS-24923 [California Research and De­
velopment Co., Livermore, Calif.]. 1953. 
86. . Principles of vacuum distillation of metal 
mixtures. U. S. Atomic Energy Commission Report LRL-88 
[California Research and Development Co., Berkeley, 
Calif.]. 1954. 
87. Watt, R. P. Molecular distillation. Vacuum. 6:113-160. 
1956. 
88. Westerheide, D. E., Clifford, J. C., and Burnet, G. A 
diaphragm pump for liquid metal service. U. S. Atomic 
Energy Commission Report IS-464 [Iowa State Univ. of 
Science and Technology, Ames. Inst, for Atomic Research], 
1962. 
89. Zhavoronkov, N. M., Malyusov, V. A., and Umnik, N. N. 
Separation of mixtures by low-pressure rectification. 
U. S. Atomic Energy Commission Report AERE-Lib/trans-694 
[Atomic Energy Research Establishment, Harwell, Berk­
shire, England]. 1956. 
95 
ACKNOWLEDGEMENTS 
The author wishes to express his sincere appreciation 
for the suggestions and encouragement given by Dr. George 
Burnet during the course of this investigation. 
Appreciation is also extended to the workers in the 
service groups and shops, professors, co-workers and others 
who provided valuable advice and assistance. 
I 
96 
APPENDIX A 
97 
Table 1. High vacuum distillation references arranged in 
chronological order 
System studied Exp. Theory Survey 
Bib. metal or- data pre- arti-
Year Investigator No. ganic given sented cle 
1912 Turner 83 X X 
1913 Langmuir 57 X X X 
1916 Langmuir 56 X X X 
1922 Bronsted & 
Hevesy 6 X X 
1936 Pierce & 
Waring 70 X X 
1937 Hickman 32 X X X 
1937 Hickman 34 X X 
1939 Burch & 
Van Dijck 9 X 
1939 Burrows 12 X 
1939 Fawcett 31 X X 
1939 Jewell et al. 46 X X 
1943 Schaffner 
et al. 76 X X 
1944 Hickman 33 X X 
1945 Kroll 52 X X 
1945 Price 71 X X 
1946 Erway & 
Simpson 30 X X 
1947 Isbell 45 X X 
1948 Carman 15 X X X 
1948 Kroll et al. 54 X X 
1949 DeVoe 23 X X 
1949 Spendlove & 
St. Claire 80 X X 
1950 Hudswell 
et al. 44 X X 
1950 Kaufmann 
et al. 48 X X 
1950 Rogers & 
Viens 73 X X 
1951 Betcherman & 
Pidgeon 4 X X 
1951 Endebrock 28 X 
1951 Kroll 53 X X X 
1951 Rogers & 
Viens 72 X X 
1951 Schlechten & 
Doelling 77 X X 
1952 Hickman 35 X X X 
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Table 1. (Continued) 
Exp. Theory Survey 
Bib. System studied data pre­ arti­
Year Investigator No. metal organic given sented cle 
1952 Hickman & 
Trevoy 36 X X 
1952 Hickman & 
Trevoy 37 X X 
1952 Hickman & 
Trevoy 39 X X 
1952 Leuze 58 X X 
1952 Miller 67 X X 
1953 Cubicciotti 20 X X 
1953 Davey 22 X X 
1953 Endebrock & 
Engle 29 X X 
1953 Hickman & 
Trevoy 38 X X 
1953 Kotov 51 X X 
1953 Rosser 74 X X 
1953 Vivian 85 X X X 
1954 Burrows 14 X X 
1954 Cubicciotti 19 X X 
1954 Hickman & 
Trevoy 40 X X 
1954 Motta et al. 69 X X 
1954 Spedding & 
Daane 78 X X 
1954 Vivian 86 X X 
1955 Keys et al. 50 X X 
1955 Martin 63 X X X 
1955 Spendlove 79 X X X 
1956 Bagnall & 
Robertson 2 X X 
1956 Malyusov 
et al. 61 X X 
1956 Martin 64 X X X 
1956 Martin 65 X X 
1956 Milne & Young 68 X X 
1956 Rukenshtein 75 X 
1956 Watt 87 x 
1956 Zhavoronkov 
et al. 89 X X 
1957 Burrows 10 X X 
1957 Burrows 11 X X X 
1957 Kappraff 47 X X 
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Table 1. (Continued) 
Exp. Theory Survey 
Bib. System studied data pre- arti-
Year Investigator No. metal organic given sented cle 
1957 Kenefick 49 X X 
1957 Martin 62 X X X 
1957 Martin & 
Brown 66 X X 
1958 Horsley 43 X X 
1958 St. Clair 82 X X X X 
1959 DeVoe 23 X X 
1960 Burrows 13 X X X 
1960 Ehn & Woelk 26 X X 
1960 Hooper & Keen 42 X X 
1962 Argonne Nat11 
Lab. 1 X X 
1962 Davey 21 X X X 
1962 Stachura 81 X X X 
1962 Argonne Nat'1 
Lab. 84 X X 
1963 DeVoe & 
Meinke 24 X X 
Remarks 
Argonne National Laboratory is currently studying the 
distillation of cadmium under moderately high vacuum and very 
high heat flux. Information concerning this work can be 
found in their Reactor Development Program Progress Reports 
and News-Bulletins. 
One of the best sources for references concerning 
vacuum distillation and vacuum technology in general is the 
Classified Abstracts of Vacuum. The Journal of Metals and 
Industrial and Engineering Chemistry are also good sources. 
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Table 2. Physical properties of lead, bismuth, and cadmium taken from Liquid 
Metals Handbook 
property Symbol Units Temp 
Bi 
Prop Temp 
Pb 
Prop Temp 
Cd 
Prop 
Melting T °c 271 327. 4 321 
point 
Vapor 
pressure vp mm 917 1 987 1 394 1 
1067 10 1167 10 484 10 
1257 100 1417 100 611 100 
1325 200 1508 200 658 200 
1400 400 1611 400 711 400 
Heat of AHf cal/gm 271 12.0 327. 4 5.89 321 13.2 
fusion 
Heat of AHr cal/gm 1477 204.3 1737 204.6 765 286.4 
vaporization 
Density PL gm/cm^ 300 10.03 400 10.51 330 8.01 
400 9.91 500 10.39 350 7.99 
600 9.66 600 10.27 400 7.93 
802 9.40 800 10.04 500 7.82 
962 9.20 1000 9.81 600 7.72 
20 9.80 20 . 11.34 20 8.65 
Heat Cp_ cal/gm°C 271 0.034 327 0.039 321-700 0.0632 
capacity L 600 0.0376 500 0.037 
1000 0.0419 
Viscosity M- Cp 304 1.662 441 2.116 350 2.37 
600 0.996 844 1.185 600 1.54 
Table 2. (Continued) 
Property Symbol Units Temp 
Bi 
Prop Temp 
Pb 
Prop Temp 
Cd 
Prop 
Thermal kL cal/cm-sec °C 300 330 0.039 355 0.106 
conductivity 400-700 700 0.036 435 0.119 
18 0.0194 18 0 .083 18 0.222 
100 0.0161 100 0.082 100 0.216 
Electrical liquid p.-ohm 300 128.9 327 94.6 325 33.7 
resistivity 400 134.2 400 98.0 400 33.7 
600 145.2 500 107.2 500 34.12 
750 153.5 800 116.4 600 34.82 
1000 125.7 700 35.78 
solid 0 106.8 20 20.65 0 6.83 
Surface dynes/cm 300 376 350 442 330 564 
tension 350 373 400 438 370 608 
400 370 450 438 420 598 
450 367 500 431 450 611 
500 363 500 600 
Volume AVf %Sol. volume 271 -3.32 327 .4 +3.6 321 +4.74 
change fusion 
Thermal exp micro in/°C 20 13.3 20 29.3 20 29.8 
Atomic wt 209. 207.2 112.4 
Closest approach of atoms 
Crystal structure 
3.105 
rhoiribohedral 
3.493 
face center cubic 
2.972 
closed packed 
hex. 
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APPENDIX C 
Volumetric Determination of Cadmium in Cd-Pb-Bi Alloy 
6-13% Cadmium (Pb-Bi-Cd) 
Dissolve sample in minimum amount of nitric acid. Place 
in volumetric flask of a size such that a reasonable titration 
for the cadmium (5 ml) can be made with 0.05 M EDTA. Add two 
ml of concentrated HgSO^ to precipitate the lead present. 
After cooling, dilute to mark with distilled water. Place 
appropriate aliquot in a 250 ml beaker. Dilute to approxi­
mately 150 ml with distilled water. Add twelve drops of a 
0.1% xylenol orange solution (in 50% ethanol). Adjust pH to 
1.5 + 0.2 with NH4OH or HNO3. Titrate bismuth first with 
0.05 M EDTA from a pink to a yellow endpoint. As the hy-
drolyzed bismuth will be slow to react with the EDTA, an 
apparent end point will be reached several times before the 
actual end point. At the final end point, the solution will 
be free of all precipitate and the change from pink to yellow 
will be sharp. Readjust pH to 6.0 +0.1 with hexamethylene-
tetraamine. Titrate the cadmium present with 0.05 M EDTA 
from a pink to a yellow end point. 
80-100% Cadmium (Pb-Bi-Cd) 
Dissolve sample in minimum amount of nitric acid. Place 
in volumetric flask of a size such that a reasonable titration 
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for the cadmium (10 to 25) can be made with 0.05 M EDTA. Add 
two ml of concentrated HgSO^ to precipitate the small amount 
of lead present. After cooling, dilute to mark with distilled 
water. Place appropriate aliquot in a 250 ml beaker. Dilute 
to approximately 150 ml with distilled water. Add one Metab 
indicator tablet. Adjust pH to 1.5 +0.2 with NH40H or HNO3. 
Titrate bismuth first with 0.05 M EDTA from a blue to a 
yellow end-point. Readjust pH to 6.0 + 0.1 with hexamethy1ene-
tetraamine. Titrate the cadmium present with 0.05 M EDTA 
from a blue to a yellow end-point. 
Polarographic Determination of Cadmium in Cd-Pb-Bi Alloy 
I - 12% Cadmium 
Dissolve a 0.5 g sample in 10 ml 3 N HNO3 and evaporate 
just to dryness on a hot plate. Add 5 ml conc. HC1 and 
evaporate to dryness again. Dissolve the residue in 25 ml 
water and quantitively transfer to a 100 ml volumetric flask 
using water to wash out the beaker. Add 10 ml of standard 
Zn solution. Add 20 ml of H2SO4-NH4CI solution. Dilute to 
volume with water, mix, and allow precipitated PbS04 and 
BiOCl settle to bottom of flask. (Note: After evaporating 
to dryness with HC1, the residue may not be completely solu­
ble in water as BiClg will hydrolyze to BiOCl in water. This 
will have no adverse effect since the H2SO4-NH4CI reagent is 
designed to perform this function also, and merely insures 
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complete precipitation of the BiOCl. Also upon addition of 
the Zn standard some PbS04 may precipitate, but the 
H2SO4-NH4CI reagent completes this precipitation also). 
Pipet a 10 ml aliquot of the supernatant liquid into a 
beaker and evaporate to fumes of H2SO4. Dissolve in 20 ml 
of the supporting electrolyte solution and quantitatively 
transfer into a 50 ml volumetric flask using water as a 
wash. Add 2 ml of a 0.1% gelatin solution and dilute to 
volume with water. Transfer solution to the polarographic 
cell, pass inert gas through the sample for 10 minutes, run 
the polarogram, from -0.5 to -1.5 volt. 
12 - 25% Cadmium 
Proceed exactly as above only use 0.25 g sample instead 
of 0.5 g sample. 
106 
APPENDIX D 
Table 3. Single pass runs, average condenser temperature 
340 + 7°C for all runs, pressure 9 x 10-5 mm Hg 
for all runs 
Flow Ave. Cd Dist. 
rate Dist. Cd Cd Cd rate Cone. 
Run gm/sec Temp. WQ WpXlO3 WDxlO2 gm/sec Eff 
+ 7°C exp. theor. ExlO2 Factor 
1 23 .9 450 0 .10 79.8 99 .0 0 .483 0.645 74.9 891 
2 23 .9 500 0 .10 59.1 98 .6 0 .978 1.415 69.1 634 
3 23 .9 550 0 .10 42.1 97 .6 1 .384 2.149 64.4 366 
4 23 .9 450 0 .05 39.3 98 .4 0 .255 0.323 78.9 1168 
5 23 .9 500 0 .05 27.5 98 .1 0 .538 0.707 76.1 981 
6 23 .9 550 0 .05 17.6 97 .6 0 .774 1.098 70.5 773 
7 23 .9 450 0 .01 7.84 96 .8 0 .0516 0.0645 80.0 2990 
8 23 .9 500 0 .01 5.43 96 .3 0 .1092 0.141 77.4 2570 
9 23 .9 550 0 .01 3.01 95 .7 0 .167 0.215 77.7 2300 
10 36 .7 450 0 .05 40.9 97 .6 0 .333 0.484 68.8 772 
11 36 .7 500 0 .05 30.9 96 .9 0 .701 1.07 65.5 594 
12 36 .7 550 0 .05 21.0 95 .8 1 .061 1.64 64.7 433 
13 36 .7 450 0 .01 8.11 93 .9 0 .0693 0.0972 71.3 1520 
14 36 .7 500 0 .01 6.06 93 .2 0 .144 0.214 67.3 1357 
15 36 .7 550 0 .01 4.12 92 .2 0 .216 0.328 65.9 1170 
16 51 .1 450 0 .10 84.4 91 .1 0 .797 1.18 67.5 92. 
17 51 .1 500 0 .10 68.0 87 .3 1 .64 2.76 59.4 61.' 
Table 4. Continuous recirculatory run CR-1, average distillation temperature 
450°C + 7°C, condenser temperature 340° + 7°C, pressure 8 x 10"~5 mm Hg, 
flow rate - 60.1 gm/sec, WQ = 0.0711, time/cycle 400 sec 
Time Cycle Wn W? x 10 2 Cumulative efficiency 
E 
Concentration 
factor 
C.F. min sec x 102 N Xl02 exp. theor. 
5.0 3.0 1 71.6 6.30 5.47 49.4 33.0 
12.0 7.0 2 78.9 5.04 4.21 71.8 49.0 
22.0 13.2 4 80.1 3.95 2.49 68.4 
Average 
63.1 
E 
52.7 
Average C.F. 
44.9 
Table : 5. Continuous recirculatory run CR-2, distillation 
condenser temperature 340°C + 7°C, pressure 9 x 
39.2 gm/sec, WQ = 0.0706, time/cycle 610 sec 
temperature 500 °C + 7°C, 
10-5 xttm Hg, flow rate -
Time Cycle WD Wp x 10 2 Cumulative 
efficiency 
E 
Concentration 
factor 
C.F. min sec x 10
2 N xlO2 exp. theor. 
5.0 3.0 1 96.0 4.62 3.03 60.5 317 
15.0 9.0 2 97.3 2.50 1.30 79.2 476 
25.0 15.0 3 98.0 1.92 0.558 79.1 
Average 
72.9 
E 
647 
Average C.F. 
480 
Table 6. Continuous recirculatory run CR-3, distillation temperature 550°C + 7°C, 
condenser temperature 340°C + 7°C, pressure 1.0 x 104 mm Hg, flow rate -
39.2 gm/sec, WQ = 0.0758, time/cycle 610 sec 
Time Cycle wD o Wp x 10 
2 Cumulative 
efficiency 
Concentration 
factor 
min sec x 102 N xlO2 exp. theor. E C.F. 
5.0 3.0 1 95.0 3.60 0.891 57.8 232 
15.0 9.0 2 96.3 1.69 0.105 78.8 318 
21.0 12.6 3 98.0 0.810 0.0123 89.4 
Average E 
75.3 
597 
Average C.F. 
382 
